We address the problem of cyclone-anticyclone asymmetry in geophysical turbulence using a direct numerical simulation with high Reynolds number Re $ 15 000 that includes an active upper boundary and interior dynamics. The regime, characterized by a finite Rossby number (Ro $ 0:6) strongly departs from the classical quasigeostrophic regime. The numerical resolution is pushed to the limit of today's supercomputer capabilities ensuring more than two decades free of viscous effects. The results show a strong cyclonic dominance in the upper layers that is stronger for filaments than for vortices. This is in contrast with similar studies that have no active upper boundary which reported either anticyclone dominance or a symmetry between cyclones and anticyclones in the upper layers. This highlights the impact of boundary dynamics on geophysical turbulence. [2] [3] [4] , the spatial scales of these vortices tend to spontaneously adjust towards a regime for which Bu ¼ Oð1Þ. The resulting turbulence, usually sustained by the baroclinic instability of a large-scale vertically sheared flow (intensified near the upper boundary) and damped by bottom friction, is governed by the conservation of potential vorticity (PV) [1, 2] . In the quasigeostrophic limit (Ro ( 1) a strict symmetry between cyclones and anticyclones is found [1, 2] . This symmetry is usually broken by finite Ro number effects as revealed by numerical simulations [5] [6] [7] [8] with a dominance of anticyclones. These simulations, however, involve no active boundary since they ignore the impact of boundary density anomalies (and the associated frontogenesis). As such, this turbulence can be described in terms of interior PV dynamics. An example of a study that includes the effects of boundary dynamics (but ignores interior PV) reports in contrast a cyclonic dominance [9] . It is not yet clear how boundary density anomalies interact with interior PV anomalies [10] . The impact is often assumed to be negligible [11] . To further understand this interaction we use a direct numerical simulation of forced geophysical turbulence that involves both boundary density and interior PV anomalies and show how the cycloneanticyclone asymmetry varies in the vertical.
Coherent vortices are known to emerge in geophysical turbulent flows under the influence of planetary rotation and stable density stratification. The regime is characterized by the Rossby and Burger numbers [respectively defined as Ro ¼ U=fL and Bu ¼ ðL d =LÞ 2 , with U and L the horizontal velocity and length scales, f the Coriolis frequency, L d ¼ NH=f the deformation radius, HðH ( LÞ the vertical scale, and NðN ) fÞ the stratification strength] [1, 2] . Because of the nonlinear interactions [2] [3] [4] , the spatial scales of these vortices tend to spontaneously adjust towards a regime for which Bu ¼ Oð1Þ. The resulting turbulence, usually sustained by the baroclinic instability of a large-scale vertically sheared flow (intensified near the upper boundary) and damped by bottom friction, is governed by the conservation of potential vorticity (PV) [1, 2] . In the quasigeostrophic limit (Ro ( 1) a strict symmetry between cyclones and anticyclones is found [1, 2] . This symmetry is usually broken by finite Ro number effects as revealed by numerical simulations [5] [6] [7] [8] with a dominance of anticyclones. These simulations, however, involve no active boundary since they ignore the impact of boundary density anomalies (and the associated frontogenesis). As such, this turbulence can be described in terms of interior PV dynamics. An example of a study that includes the effects of boundary dynamics (but ignores interior PV) reports in contrast a cyclonic dominance [9] . It is not yet clear how boundary density anomalies interact with interior PV anomalies [10] . The impact is often assumed to be negligible [11] . To further understand this interaction we use a direct numerical simulation of forced geophysical turbulence that involves both boundary density and interior PV anomalies and show how the cycloneanticyclone asymmetry varies in the vertical.
The direct numerical simulation is computed by integration of the following primitive equations [12] , derived from the Navier-Stokes equations using the Boussinesq and hydrostatic (since H ( L) approximations that are applicable for geophysical flows,
(1)
with D t ¼ @ t þ u@ x þ v@ y þ w@ z the material derivative, ðu; v; wÞ the three components of the velocity, the pressure, b the buoyancy (rescaled density), and the local variation of f. F ðu;v;bÞ and D ðu;v;bÞ are the forcing term and the damping or dissipation term, respectively (see below). The numerical methods used to integrate these equations are described in [13] . The geometry is an x-periodic channel (1000 km long, 3000 km wide, 4000 m deep) centered at midlatitudes
The model resolution is Áx $ 1 km in the horizontal and with 200 stretched vertical levels (see Fig. 1 ). The vertical stratification is intensified in the upper 1000 m and corresponds to a deformation radius L d ¼ 30 km, typical of an oceanic midlatitude regime (Fig. 1) . Vortices emerge from the baroclinic instability of a largescale sheared flow [u Ã ðy; zÞ, v Ã ¼ 0] in thermal wind balance with a large-scale meridional buoyancy b Ã ðy; zÞ ¼ " bðzÞ þ FðyÞbðzÞ (Fig. 1) that extends from the upper boundary down to 1500 m in the interior. The turbulence is forced by restoring to the basic state jet . Spectral characteristics of this simulation reveal a boundary regime distinct from the deep interior regime with a smooth transition in between [14] . At the boundary, the k À2 velocity spectrum well matches the density spectrum when the latter is appropriately scaled [14] (blue and red curves, respectively, in Fig. 2 ) and emphasizes the emergence of small scales (submesoscales). The velocity spectrum in the interior has a much steeper slope (k À3:5 ) (green curve in Fig. 2 ) and the density spectrum (not shown) an even steeper slope (k À4:5 ). These spectral properties in the interior are close to those reported for quasigeostrophic regimes [4, 15] . The relative vorticity (defined as ¼ v x À u y ) involves large values, from Àf to 3f at the upper boundary (Fig. 3) . The flow consists of numerous small-scale vortices as well as thin filaments both with quite large vorticity values, whereas at 800 m the relative vorticity field is dominated by larger (mesoscale) vortices (not shown).
In this Letter, we focus on the vortical asymmetry. The asymmetry is examined using higher order moments of =f as a function of depth (Fig. 4) . The skewness of =f (black curve in Fig. 4 ) reveals near the upper boundary a significant vortical asymmetry and, in particular, a dominance of cyclonic structures in the first 600 m. The skewness is almost constant (larger than 1.3) from the upper boundary down to 300 m before decreasing to zero at 600 m. It becomes negative between 600 and 1100 m in a region where kinetic energy (KE) values are smaller. The large positive skewness values near the boundary are accompanied by a local increase of the kurtosis (red curve in Fig. 4 ). The region of cyclonic dominance (600 m) contains more than 50% of the total kinetic energy. The probability density function (PDF) of =f (Fig. 4) near the boundary is close to an exponential tail for cyclonic structures and a Gaussian one for anticyclonic structures, with a monotonic decrease with depth.
Relative vorticity structures involve both coherent vortices (with circular patterns) and filaments exhibiting 
FIG. 2 (color)
. Velocity spectrum (blue line) and density spectrum (scaled to match the velocity spectrum, see [14] ) (red line) at the upper boundary. Velocity spectrum at 800 m (green line). Horizontal axis displays the wave number k and wavelength . 
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218501-2 small-scale elongated structures. Different geometrical methods exist to partition vortices from filaments, such as vortex census algorithms [9] or the wavelet analysis methods [16] . Most of them are valid for freely decaying turbulence and do not work so well for forced turbulence where vortices are permanently deformed. In the present study we have chosen to use the classical Okubo-Weiss (OW) criterion [17] [defined as ð 2 À 2 Þ=f 2 , with ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q the strain field] that quantifies the magnitude of relative to . The magnitude of within vortices is usually much larger than , which allows them to remain coherent and persistent in time [18] . On the other hand, the magnitude of within the filaments is usually close to or smaller than because of their elongated pattern [18] , which causes them to deform rapidly. We have chosen to define vortices as the structures where the OW criterion is smaller than a given value (À 0:05 at the upper boundary and À0:005 at 800 m) and define filaments as the structures for which OW is larger than these values. These values roughly correspond to the vortices occupying 20% of the total area. The selected structures have principally a circular pattern and almost all of the eliminated structures (not shown) are stretched filaments. The sensitivity of the results discussed below to the choice of these values has been found to be very weak. Figure 5 show the PDFs of =f for vortices and filaments. At the upper boundary [ Fig. 5(a) ] both vortices and filaments display a strongly asymmetric PDF indicating cyclonic dominance. The skewness of the filaments (1.96) is conspicuously larger than that for vortices (1.16) . This difference decreases with depth, and at 400 m the skewness is 0.5 for filaments and 0.36 for vortices. At 800 m the PDFs are almost symmetric with the PDF of filaments almost Gaussian [red curves in Fig. 5(b) ]. Skewness for filaments and vortices is smaller and close (% À0:3). These results clearly confirm the strong differences between boundary and interior regimes and highlight the stronger vortical asymmetry for filaments than for vortices near the upper boundary.
Our numerical primitive equations solution shows strong cyclonic dominance for both vortices and filaments. This is different from similar studies that have no active boundary which reported either anticyclonic dominance or a symmetry between cyclones and anticyclones [5] [6] [7] [8] 19] . To further highlight the impact of an active surface boundary, we performed an additional simulation similar to the previous one but with the large-scale meridional density gradient set to zero very close to the surface boundary (such that there is no surface density anomaly). Although the KE is still intensified in the first 500 m with almost the same magnitude, no boundary regime emerges in this new simulation: the velocity spectrum is characterized by a steep k À3:5 slope in the upper layers indicating much weaker submesoscales. In these layers the skewness of =f is close to zero, clearly indicating a symmetry between cyclones and anticyclones, and the PDF of =f is almost symmetric with the magnitude of =f smaller than 0.5. These very different results suggest that the source of vortical asym- 
FIG. 4 (color)
. Isocontours of log 10 pð=f; zÞ with pð=f; zÞ the PDF of =f as a function of depth. The three superimposed curves are, respectively, the rms (blue), the skewness (black), and the kurtosis divided by three (red) of =f. The vertical axis is, on the left-hand side, the nondimensional stretched vertical coordinates [such that dz 0 ¼ NðzÞdz=fL d , see [3] ], and on the right-hand side, the corresponding dimensional depth.
metry is related to the specific boundary regime that includes energetic submesoscales and associated frontogenesis. These results question the mechanisms through which boundary density anomalies produce a strong cyclonic dominance and what explains the depth extension of this asymmetry. To delve deeper into the first question we can focus on the stronger vortical asymmetry (with cyclonic dominance) for filaments than for vortices observed in our solution. Reports of such strong filament vortical asymmetry are not new [9] . It has been explained [20, 21] as the ageostrophic frontogenesis impact on the boundary density filaments. We speculate that this strong filament vortical asymmetry may be one source of the cyclonic vortex dominance through the following mechanisms: the larger vorticity amplitude in cyclonic filaments make them to be more unstable (in terms of shear instability [22] ) than anticyclonic filaments, leading to a larger production of small-scale cyclonic vortices. By invoking the inverse KE cascade that covers a large spectral range at the boundary [14, 23] , this should lead to a stronger flux of cyclones, leading to cyclonic vortex dominance at larger scales. This conjecture may indicate an intensification of the transformation of available potential energy into KE-and therefore of the total KE-because of this specific boundary dynamical impact. However, this conjecture has still to be verified, and will be addressed in a future work.
Our solution further reveals that the boundary dynamics extends well into the interior. This depth extension of the cyclone dominance seems to indicate a coupling between boundary and interior dynamics [24] more complex than suggested [11, 3] and that may involve mixed boundaryinterior instabilities [25] . Attempts to understand this coupling [24, 25] should be taken further to better understand its intensity in relation with the large-scale properties of the flow such as the background stratification.
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